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Abstract

Molecular combing technology (MCT) is an effective means for stretching DNA molecules and making them thus
accessible for in situ studies. MCT uses the force exerted in the process of liquid flow via surface tension to stretch
DNA molecules and spread them on solid surfaces, i.e. glass cover slips. Many DNA molecules can be stretched at

the same time in parallel and neatly arranged side-by-side, making the approach convenient for statistical analysis.
Accordingly, DNA replication and transcription can be studied at the single molecule level. In this paper, the principle,
experimental methods, important applications, advantages and shortcuts of MCT in medical field are presented and
discussed.
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Background

Molecular cytogenetics is the study of genomic altera-
tions based on techniques associated with in situ hybridi-
zation. In the 1980’s, fluorescence in situ hybridization
(FISH) was developed from the radioactive variant of
the technique and applied on human cytogenetic prepa-
rations [1]. At first, FISH seemed to be mainly useful to
localize (human) genes; however, quickly the technol-
ogy was adapted for clinical and tumor cytogenetics to
characterize chromosomal rearrangements being unre-
solvable in banding cytogenetics (for review see [2]). At
first, progress was driven by research-based laboratories,
producing probes suited for FISH by cloning, glass-nee-
dle based chromosome microdissection or chromosome
flow sorting [3]. These laboratories also introduced mul-
ticolor-FISH approaches like locus-specific probe based
multiplex subtelomeric FISH [4], partial chromosome
painting probe dependent multicolor banding (MCB)
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[5] or whole chromosome painting probe based spec-
tral karyotyping (SKY) [6] and multicolor fluorescence
in situ hybridization (M-FISH) [7]. Several of such probes
and probe sets were also commercialized in parallel; for
example MCB is available as mband-probe sets [8].

A limitation of chromosome-/metaphase oriented FISH
is its power of resolution [2, 5]. Due to DNA compaction
in metaphases it becomes difficult if not impossible to
map the order of two or three genes along a chromosome
if they are less than 2—-5 Mb apart from each other [9].
In interphases DNA is more decondensed, still the order
of three closely localized genes can only be determined
reliably when evaluating 20-50 cells in a semi-statistical
way; besides, the distance between them has to be in the
range of 0.5 to 1 Mb or more. To achieve higher resolu-
tions, approaches like fiber-FISH or molecular comb-
ing technique (MCT) were established [10-13]. In this
review, MCT principle and how to perform, applications
in medical field, advantages and shortcuts are presented
and discussed.
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MCT-how it developed

The field of cytogenetics has focused in (i) medical genet-
ics on studying the number, structure, function and ori-
gin of chromosomes and their abnormalities [2, 14], and
(ii) in biology on the evolution of chromosomes [15]. The
development of fluorescent molecules that either directly
or via an intermediate-molecule bind to DNA [16] has
led to the development of FISH, a technology linking
cytogenetics to molecular genetics [2]. This technique
has a wide range of applications that enlarged the possi-
bilities of chromosome analysis [2]. The field of cytoge-
netics is particularly important for medical diagnostics
and research as well as for gene mapping [2, 3]. Further-
more, the increased application of molecular biology
techniques, such as array-based technologies, has led to
improved resolution, extending the recognized range of
microdeletion/microduplication syndromes and genomic
disorders [17]. In adopting these newly expanded meth-
ods, cytogeneticists have used a range of technologies
to study the association between visible chromosome
rearrangements and defects at the single nucleotide
level [18]. The development of molecular cytogenetic
technology has increased the understanding of the pos-
sible molecular mechanisms involved in chromosomal
rearrangements and genotype—phenotype associations,
thereby helping patients to obtain better diagnosis and
genetic counseling [2, 3].

FISH is a flexible technique that has driven the fur-
ther development of different new molecular cytoge-
netic probe sets (see above) and/or applications. There
are multiple approaches using FISH-based methods
for different applications, like reverse-FISH [19], flow-
FISH [20], Q-FISH (quantitative FISH) [21], cenM-FISH
(centromere-specific M-FISH) [22], pod-FISH (paren-
tal origin determination FISH) [23], HCM-FISH (het-
erochromatin-oriented M-FISH) [24], and others. If
modified, several FISH techniques can also be applied to
interphase cells (interphase FISH) [25], which confers the
advantages of FISH for the visualization of DNA probes
in nuclei [26].

Different variants of FISH can be used to retrieve infor-
mation on genomes from (almost) base pair to whole
genomic level, as besides only second and third genera-
tion sequencing approaches can do [2]. Here especially
to consider variations of FISH are chromosome orienta-
tion-FISH (CO-FISH) [27], Q-FISH [21], pod-FISH [22],
FISH to resolve the nuclear architecture [9], multicolor-
FISH approaches [2, 3], among other applied in chromoa-
nagenesis studies [28] and MCT itself.

Fiber-FISH, also known as a MCT, hybridizes DNA
probes to chromatin fibers stretched out on speci-
mens, such as chromatin released from cells [10, 11]. An
improved approach is to hybridize the probe with unfixed
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DNA fibers derived from cells embedded in pulsed-field
gel electrophoresis clots. This method has been used
for high-resolution gene mapping, gene replication, and
direct observation of chromosomal breaks involved in
translocations (see below for more details).

In 1994, Bensimon and coworkers [12] found that DNA
could be uniformly straightened by a moving gas-liquid
interface on a silanized substrate surface. They call this
approach MCT, which can be used to straighten a large
number of DNA molecules simultaneously and uniformly
with a simple instrument (Fig. 1). As this procedure does
not cause modifications in DNA sequence, it provides
new possibilities to study the structure of DNA and espe-
cially the order of genes and loci. In the following sub-
strate, straightening mechanism, pH condition, tension
size were studied in detail to improve MCT [13].

As already implied before, MCT enables physical
characterization of single genomes at the kilobase level
of resolution over large genomic regions. An array of
combed single DNA molecules is prepared by stretch-
ing molecules attached to a salinized glass surface with
a receding air—water meniscus. By performing FISH on
combed DNA, probe position can be directly visual-
ized with respect to a closely located probe, enabling to
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Fig. 1 Scheme of molecular combing technique (MCT): 0.7 to 1
million of cells (either from cell culture or from peripheral blood
lymphocytes) must be included in the experiment. Cells are collected
and included in an agarose plug from which high molecular weight
DNA is extracted. The latter can be applied for MCT itself and
coverslips with DNA-fibers are produced. Coverslips with DNA-fibers
(Fig. 2) can be used in standard FISH and obtained results can be
evaluated using a fluorescence microscope
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construct physical maps and to detect micro-rearrange-
ments (Fig. 1). Single-molecule DNA replication can
also be monitored by detection of fluorophore labelled,
incorporated nucleotide analogues on combed DNA
molecules [29, 30]. Accordingly, problems to be solved
in post genomic era can be faced thanks to MCT either
via fluorescence (FM) and/or atomic force microscopy
(AFM) [31].

MCT—principle

MCT takes advantage of physical or chemical bind-
ing forces between a DNA molecule and a hydrophobic
surface. A solution with pure and high molecular weight
DNA being arranged in an irregular coil shape, contacts
the coverslip surface due to Brownian molecular move-
ment. After attaching there, DNA is stretched by the
retreating liquid surface, so that it is neatly arranged on
the solid surface—here DNA changes its conformation
from irregular coil to linear shape, driven by hydrophobic
and/or electrostatic force [12].

MCT includes the following four steps: preparation of

(i) Coverslips coated with a hydrophobic surfaces
such as silane or polymethylmethacrylate and

(i) A high concentration DNA solution; the latter is
prepared by embedding of the cells from which
DNA is to be extracted in agarose plugs. After
enzymatic treatment and washing, the pure and
long DNA fibers as needed are prepared.

(iii) Dipping and incubating the coated coverslip (from
i) in the solution from (ii) for 5 min to bond the
DNA to the coverslip.

(iv) Pulling out the coverslip of the solution (from i) at a
certain speed. This is a most critical step and must
be done at steady speed of optimally 300 um/s with
a constant stretching factor (1 mm=2 kb) [32-34].
Air drying fixes the DNA fibers to the surface.

The obtained coverslips are hybridized with certain
FISH-probes (according to the question to be studied)
and then evaluated at FM or AFM. This can be done
either manually, or by a scanner, where the results can
evaluated statistically based on a special computer soft-
ware (Genomic Vision, Bagneux, France) [32]. As the
results obtained produce signal patterns of different
lengths this kind of combination of “dashes and dots” is
also referred to a ,,genomic Morse code “ (GMC) [35].

Advantages and restrictions of MCT

Clear advantages of MCT compared to other approaches
is that it enables (a) visualization otherwise not accessi-
ble DNA-structures with (b) high sensitivity along single
DNA-molecules of up to 12 Mb length [36]. (c) Regions
from ~ 1 kb to 2 Mb can be studied applying FISH-probes
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which label 1 to 150 kb for deletions, duplications, ampli-
fications and structural rearrangements, like inver-
sions. (d) Results obtained are reliable and reproducible
and MCT can accordingly be applied in clinical genetic
diagnostics (see below). (e) As in other FISH based
approaches multiplexing is possible, i.e. several loci
can be accessed in parallel — only restriction are avail-
able fluorophores and number of filters in the detecting
microscope (Fig. 2) or scanner [32].

Important limitations of MCT are, (A) that point muta-
tions cannot be detected, (B) rearrangements below 1 kb
in size may be missed, and (C) that commercial approach
of MCT is limited to 2 to 3 probes, due to number of
available detection filters in the commercially applied
scanner [32].

Possible clinical applications of MCT

MCT has principally opened up new possibilities to
detect submicroscopic, but by sequencing hard to access,
complex DNA abnormalities. The latter can be related to
inborn or acquired genetic diseases as well as viral infec-
tion, and thus MCT has several (potential) clinical appli-
cations already, which are summarized below.

MCT based clinical studies of gross chromosomal
structures

While in plant genetics the possibilities to use MCT to
characterize gross chromosomal structures (otherwise
hard to access in detail) were already recognized early
[33], in human such possibilities were only used occa-
sionally. A literature review identified only three such
studies: one being interested in the short arms of the

Fig. 2 MCT result using the probe RP11-71J12in 13q14.13 (GRCh37/
hg19; chr13:46,439,690-46,587,782) labeled in SpectrumOrange and
hybridized to DNA fibers spread on homemade silanized coverslips
[56]. DNA-fibers were stained by YOYO-1 (green). Picture was acquired
on a Zeiss Axioplan microscope (Jena, Germany) using ISIS software
(Metasystems, Altlussheim, Germany). The DNA fibers were produced
using FiberComb - Molecular Combing System (Genomic Vision,
Bagneux, France)
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acrocentric chromosomes and specifically the nucleo-
lus organizing region [34], one characterizing a de novo
microtriplication of 11q24.1 [35] and one to determine
size of a microdeletion [36].

MCT based studies of familial adult myoclonic epilepsy 1
and 3

Familial adult myoclonic epilepsy 1 and 3 (FAME1 and
FAME 3 — OMIM #601,068 and #613,608) are autosomal
dominant inherited syndromes, being characterized by
adult-onset cortical tremor, and may be associated with
seizures. In Chinese and Japanese populations FAME1
has been found to be caused by enlarged intronic
TTTTA/TTTCA repeats in SAMDI2 gene in 8q24 [37,
38]. FAMES3 is due to identical TTTTA/TTTCA repeat
expansion in intron 1 of MARCH6 gene in 5p15.2 [39].
MCT has been proven to be able to detect and quantify
these repeat amplifications [32].

MCT based diagnostics of facioscapulohumeral muscular
dystrophy 1

Facioscapulohumeral muscular dystrophy type 1
(FSHD1- OMIM #158,900) is a disorder of skeletal mus-
cles and shows (sometimes even within families) an
extremely variable phenotype. In FSHD1, belonging to
the group of hereditary progressive skeletal muscle dys-
trophies, a partial deletion of the D4Z4 repeats in 4q35
affects expression of DUX4 gene, as one copy of this
gene can be found within each D4Z4 repeat [40]. Stand-
ard molecular diagnosis relying on Southern blot can be
challenging because D4Z4 stretches are also present in
10q26. Nonetheless, by MCT D4Z4 comprising regions
on chromosome 4 and 10 can be visualized separately; in
contrast to other approaches MCT also enables clearly
distinguishing of D4Z4 stretches on each individual chro-
mosome 4 and 10 [41]. Thus, the CE (Conformité Euro-
péenne) certification for in-vitro diagnostics for an MCT
based FSHD diagnostic assay was assigned to Genomic
Vision, recently [32].

MCT based studies in cancer
In diagnostics of tumors, single-molecule methods can
help to detect and study large DNA rearrangements that
lead to cancer [42].

MCT based studies in leukemia

In a proof of principal study in 2016 Ittel and coworkers
[43] showed, that MCT is well suited to identify variant
breakpoints in “standard translocations” being associ-
ated with specific leukemia. Deviating breakpoint could
be detected for translocation t(12;21)(p13;q22) involving
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ETV6 and RUNXI genes, being typical for B-cell lineage
childhood acute lymphoblastic leukemia.
MCT based studies of BRCA1 gene

A certain subset of hereditary breast and ovarian can-
cer is associated with germ line mutations of BRCA1I or
BRCA2 gene. Accordingly, MCT has been used success-
fully for uncovering otherwise hard or not to detect com-
bined small deletion / duplication events (in the range
of 3 to 17 kb) in BRCA1 [44-46]. Also, v BRCAI pseu-
dogene and a before unknown 100-kb sequencing gap
upstream of the BRCAI gene were identified by MCT.
Even though more research studies with MCT concern-
ing BRCAI gene were undertaken in between [47], a
standard application in tumor genetic diagnostics was
not established yet.

MCT based studies of telomere length

Telomeres are specialized nucleoprotein structures at the
ends of the linear chromosomes that function to protect
the chromosome ends, thereby maintaining the stabil-
ity of the genome. Telomeric DNA comprises repetitive
sequences of the hexanucleotide TTAGGG,, repeat unit,
bound in a sequence-specific manner to the protein com-
plex shelterin, and assembled into macromolecular struc-
tures called telomere-loops (t-loops). In normal human
somatic cells, telomeres range from 5-15 kb in length,
and length variability was found for individual telomeres
and different cell types. Inter-individual variability is also
observed across the human population, superimposed to
the well-established age-associated decline in telomere
length [48]. Possibilities and advantages of MCT to check
telomere length are summarized by Kahl et al. [49].

MCT based diagnostics of viral integration

In terms of viral infection, the detection of foreign, viral
DNA and its integration mode is intuitive and accu-
rately possible by MCT. Especially, human papillomavi-
ruses (HPVs) are frequently integrated in cancers. HPV
genomes having a size of 7 to 8 kb, can be integrated as
(type I) a single HPV genome, (type II) multiple, tan-
demly integrated HPV genomes, and (type III) multiple,
tandemly integrated HPV genomes interspersed within
host DNA [50]. Several MCT based studies for HPV
integration [51-53] came to the conclusion that patients
could benefit from this was of analyses, as subgroups
based on viral integration sites could be established [53].

MCT based studies of population specific polymorphisms

MCT can even be used to gain insights into population
specific differences, yet suggested to be mainly poly-
morphic variations, which may in future be attributed
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to be associated also with susceptibilities to certain
diseases. One study was on human blood neutrophil
peptides (HNP1-3) and how copy number variants of
alpha-defensins genes DEFAI and DEFA3 vary and if
they may be associated with infections and auto immune
disorders [54]. In a second study analyzing CNVs of the
human amylase gene clusters, MCT revealed unexpected
genomic rearrangements leading finally to genomic
instability, amplification and relocation of AMY2A and
AMY2B genes. Here an association with obesity is sug-
gested [55].

MCT based research of DNA-replication

All afore mentioned applications are based on the GMC-
type evaluation. Besides, MCT enables also combining
GMC with a replication combing assay (RCA). Thus,
DNA synthesis kinetics of a specific replicating sequence
can be compared with the remainder replicating genome.
Yet, there are many research studies in model systems
like Saccharomyces, Xenopus, or human cancer cell lines
published, accessing replication kinetics of mitochon-
drial DNA, fragile sites or telomeres (for review see [32]);
however, no applications in clinical setting are available
yet, and thus not topic of this review.

Conclusions

MCT has great potential as an important cytogenomic
tool in the field of chromosomic diagnostic and research
[2]. Research applications of MCT mainly depend on
research funds, which may be acquired more or less eas-
ily, if the underlying idea and project are of good qual-
ity. Introduction of MCT in diagnostics need to be at first
approved by local authorities, like achieved for FSHD-
diagnostics already; still the second big bottleneck is to
find a way to get new methods into the national reim-
bursement catalogues. But, as MCT enable yet not, or
by other means more complicated and more expensive
cytogenomic approaches, there is to be expected a posi-
tive development.

Abbreviations

AFM: Atomic force microscopy; CE: Conformite Européenne; cenM-FISH:
Centromere-specific M-FISH; CO-FISH: Chromosome orientation-FISH; FAME:
Familial adult myoclonic epilepsy; FISH: Fluorescence in situ hybridization; FM:
Fluorescence microscopy; FSHD: Facioscapulohumeral muscular dystrophy;
GMC: Genomic Morse code; HCM-FISH: Heterochromatin-oriented M-FISH;
MCT: Molecular combing technology; MCB: Multicolor banding; M-FISH:
Multicolor-FISH; pod-FISH: Parental origin determination FISH; Q-FISH: Quanti-
tative FISH; RCA: Replication combing assay; SKY: Spectral karyotyping.

Acknowledgements

Yiping Wang want to thank for the guidance and support of Thomas Liehr in
developing the paper and his team for support. In addition, she is indebted to
Jinze Group Beijing Jinze Medical Laboratory members.

Page 5 of 7

Author contributions

YP had the idea for this review and drafted the paper; TL and KRK provided
additional literature review data and revised the paper. KRK provided Fig. 2. TL
finalized the draft. All authors approved the final version of the paper.

Funding

Open Access funding enabled and organized by Projekt DEAL. Furthermore,
Yiping Wang holds a PhD fellowship of the Beijing Jinze Medical Science and
Technology Development Co,, Ltd, China.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or
analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Institute of Human Genetics, Jena University Hospital, Friedrich Schiller
University, Am Klinikum 1, 07747 Jena, Germany. Jinze Group Beijing Jinze
Medical Laboratory, Building A, National Engineering Center for Protein Drugs,
Building 1, 33 Science Park Road, Huilongguan Town, Changping District,
Beijing 1F, China.

Received: 18 October 2022 Accepted: 25 October 2022
Published online: 16 November 2022

References

1. Pinkel D, Gray JW, Trask B, van den Engh G, Fuscoe J, van Dekken H.
Cytogenetic analysis by in situ hybridization with fluorescently labeled
nucleic acid probes. Cold Spring Harb Symp Quant Biol. 1986;51(Pt
1):151-7.

2. LiehrT. Molecular cytogenetics in the era of chromosomics and cytog-
enomic approaches. Front Genet. 2021;12: 720507.

3. LiehrT. 2022. Basics and literature on multicolor fluorescence in situ
hybridization application. http://cs-tl.de/DB/TC/mFISH/0-Start.html
[accessed on 11. October 2022]

4. Brown J, Horsley SW, Jung C, Saracoglu K, Janssen B, Brough M, Daschner
M, Beedgen B, Kerkhoffs G, Eils R, Harris PC, Jauch A, Kearney L. Identifica-
tion of a subtle t(16;19)(p13.3;p13.3) in an infant with multiple congenital
abnormalities using a 12-colour multiplex FISH telomere assay M-TEL. Eur
J Hum Genet. 2000;8:903-10.

5. LiehrT, Heller A, Starke H, Rubtsov N, Trifonov V, Mrasek K, Weise A,
Kuechler A, Claussen U. Microdissection based high resolution multicolor
banding for all 24 human chromosomes. Int J Mol Med. 2002;9:335-9.

6.  Schrock E, du Manoir S, Veldman T, Schoell B, Wienberg J, Ferguson-
Smith MA, Ning Y, Ledbetter DH, Bar-Am |, Soenksen D, Garini Y, Ried
T. Multicolor spectral karyotyping of human chromosomes. Science.
1996;273:494-7.

7. Speicher MR, Gwyn Ballard S, Ward DC. Karyotyping human chromo-
somes by combinatorial multi-fluor FISH. Nat Genet. 1996;12:368-75.

8. Castillo Taucher S, Fuentes AM, Paulos A, Pardo A. MUltiple FISH y multiple
BAND: técnicas de citogenética molecular en cinco casos [Multiple FISH
and multiple BAND: application of cytogenetic and molecular techniques
in 5 cases). Rev Med Chil. 2002;130:511-8.

9. Weise A, Starke H, Heller A, Claussen U, Liehr T. Evidence for interphase
DNA decondensation transverse to the chromosome axis: a multicolor
banding analysis. Int J Mol Med. 2002;9:359-61.


http://cs-tl.de/DB/TC/mFISH/0-Start.html

Wang et al. Molecular Cytogenetics

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2022) 15:50

Heng HH, Squire J, Tsui LC. High-resolution mapping of mammalian
genes by in situ hybridization to free chromatin. Proc Natl Acad Sci USA.
1992;89:9509-13.

. Fidlerova H, Senger G, Kost M, Sanseau P, Sheer D. Two simple procedures

for releasing chromatin from routinely fixed cells for fluorescence in situ
hybridization. Cytogenet Cell Genet. 1994,65:203-5.

Bensimon A, Simon A, Chiffaudel A, Croquette V, Heslot F, Bensimon D.
Alignment and sensitive detection of DNA by a moving interface. Sci-
ence. 1994;265:2096-8.

Righini M, Costa J, Zhou W. DNA bridges: a novel platform for single-
molecule sequencing and other DNA-protein interaction applications.
PLoS ONE. 2021;16: €0260428.

Ferguson-Smith MA. Cytogenetics and the evolution of medical genetics.
Genet Med. 2008;10:553-9.

Graphodatsky A, Ferguson-Smith MA, Stanyon R. A short introduction to
cytogenetic studies in mammals with reference to the present volume.
Cytogenet Genome Res. 2012;137:83-96.

Langer PR, Waldrop AA, Ward DC. Enzymatic synthesis of biotin-labeled
polynucleotides: novel nucleic acid affinity probes. Proc Natl Acad Sci U S
A. 1981,78:6633-7.

Weise A, Mrasek K, Klein E, Mulatinho M, Llerena JC Jr, Hardekopf D,
Pekova S, Bhatt S, Kosyakova N, Liehr T. Microdeletion and microduplica-
tion syndromes. J Histochem Cytochem. 2012;60:346-58.

Jancuskova T, Plachy R, Stika J, Zemankova L, Hardekopf DW, Liehr T,
Kosyakova N, Cmejla R, Zejskova L, Kozak T, Zak P, Zavrelova A, Havlikova P,
Karas M, Junge A, Ramel C, Pekova S. A method to identify new molecular
markers for assessing minimal residual disease in acute leukemia patients.
Leuk Res. 2013;37:1363-73.

Mahjoubi F, Peters GB, Malafiej P, Shalhoub C, Turner A, Daniel A, Hill RJ.
An analphoid marker chromosome inv dup(15)(g26.1qgter), detected dur-
ing prenatal diagnosis and characterized via chromosome microdissec-
tion. Cytogenet Genome Res. 2005;109:485-90.

Rufer N, Dragowska W, Thornbury G, Roosnek E, Lansdorp PM. Telomere
length dynamics in human lymphocyte subpopulations measured by
flow cytometry. Nat Biotechnol. 1998;16:743-7.

Martens UM, Zijimans JM, Poon SS, Dragowska W, Yui J, Chavez EA, Ward
RK, Lansdorp PM. Short telomeres on human chromosome 17p. Nat
Genet. 1998;18:76-80.

Nietzel A, Rocchi M, Starke H, Heller A, Fiedler W, Wlodarska |, Loncarevic
IF, Beensen V, Claussen U, Liehr T. A new multicolor-FISH approach for
the characterization of marker chromosomes: centromere-specific
multicolor-FISH (cenM-FISH). Hum Genet. 2001;108:199-204.

Weise A, Gross M, Mrasek K, Mkrtchyan H, Horsthemke B, Jonsrud C,

Von Eggeling F, Hinreiner S, Witthuhn V, Claussen U, Liehr T. Parental-
origin-determination fluorescence in situ hybridization distinguishes
homologous human chromosomes on a single-cell level. Int J Mol Med.
2008;21:189-200.

Bucksch M, Ziegler M, Kosayakova N, Mulatinho MV, Llerena JC Jr, Morlot
S, Fischer W, Polityko AD, Kulpanovich Al, Petersen MB, Belitz B, Trifonov V,
Weise A, Liehr T, Hamid AB. A new multicolor fluorescence in situ hybridi-
zation probe set directed against human heterochromatin: HCM-FISH. J
Histochem Cytochem. 2012,60:530-6.

Vorsanova SG, Yurov YB, lourov IY. Human interphase chromosomes: a
review of available molecular cytogenetic technologies. Mol Cytogenet.
2010;3:1.

Daban JR. Supramolecular multilayer organization of chromosomes: pos-
sible functional roles of planar chromatin in gene expression and DNA
replication and repair. FEBS Lett. 2020;594:395-411.

Bailey SM, Goodwin EH, Cornforth MN. Strand-specific fluorescence

in situ hybridization: the CO-FISH family. Cytogenet Genome Res.
2004;107:14-7.

Weber A, Liehr T, Al-Rikabi A, Bilgen S, Heinrich U, Schiller J, Stumm M.
The first neocentric, discontinuous, and complex small supernumerary
marker chromosome composed of 7 euchromatic blocks derived from 5
different chromosomes. Biomedicines. 2022;10:1102.

Lebofsky R, Bensimon A. Single DNA molecule analysis: applications of
molecular combing. Brief Funct Genomic Proteomic. 2003;1(4):385-96.
Herrick J, Bensimon A. Imaging of single DNA molecule: applications to
high-resolution genomic studies. Chromosome Res. 1999;7:409-23.
Schurra C, Bensimon A. Combing genomic DNA for structural and func-
tional studies. Methods Mol Biol. 2009;464:71-90.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 6 of 7

Bisht P, Avarello MDM. Molecular combing solutions to characterize
replication kinetics and genome rearrangements. In: Liehr T, editor.
Cytogenomics. London: Academic Press; 2021. p. 47-71.

Ohmido N, Fukui K, Kinoshita T. Recent advances in rice genome and
chromosome structure research by fluorescence in situ hybridization
(FISH). Proc Jpn Acad Ser B Phys Biol Sci. 2010;86:103-16.

Caburet S, Conti C, Schurra C, Lebofsky R, Edelstein SJ, Bensimon A.
Human ribosomal RNA gene arrays display a broad range of palindromic
structures. Genome Res. 2005;15:1079-85.

Beneteau C, Landais E, Doco-Fenzy M, Gavazzi C, Philippe C, Béri-Dex-
heimer M, Bonnet C, Vigneron J, Walrafen P, Motte J, Leheup B, Jonveaux
P. Microtriplication of 11g24.1: a highly recognisable phenotype with
short stature, distinctive facial features, keratoconus, overweight, and
intellectual disability. J Med Genet. 2011;48:635-9

Michalet X, Ekong R, Fougerousse F, Rousseaux S, Schurra C, Hornigold N,
van Slegtenhorst M, Wolfe J, Povey S, Beckmann JS, Bensimon A. Dynamic
molecular combing: stretching the whole human genome for high-
resolution studies. Science. 1997,277:1518-23.

Ishiura H, Doi K, Mitsui J, Yoshimura J, Matsukawa MK, Fujiyama A,
Toyoshima Y, Kakita A, Takahashi H, Suzuki Y, Sugano S, Qu W, Ichikawa K,
Yurino H, Higasa K, Shibata S, Mitsue A, Tanaka M, Ichikawa Y, Takahashi Y,
Date H, Matsukawa T, Kanda J, Nakamoto FK, Higashihara M, Abe K, Koike
R, Sasagawa M, Kuroha Y, Hasegawa N, Kanesawa N, Kondo T, Hitomi T,
Tada M, Takano H, Saito Y, Sanpei K, Onodera O, Nishizawa M, Nakamura
M, Yasuda T, Sakiyama Y, Otsuka M, Ueki A, Kaida K, Shimizu J, Hanajima
R, Hayashi T, Terao Y, Inomata-Terada S, Hamada M, Shirota Y, Kubota A,
Ugawa Y, Koh K, Takiyama Y, Ohsawa-Yoshida N, Ishiura S, Yamasaki R,
Tamaoka A, Akiyama H, Otsuki T, Sano A, lkeda A, Goto J, Morishita S,
Tsuji S. Expansions of intronic TTTCA and TTTTA repeats in benign adult
familial myoclonic epilepsy. Nat Genet. 2018;50:581-90.

Zeng S, Zhang MY, Wang XJ, Hu ZM, Li JC, Li N, Wang JL, Liang F, Yang

Q, Liu Q, Fang L, Hao JW, Shi FD, Ding XB, Teng JF, Yin XM, Jiang H, Liao
WP, Liu JY, Wang K, Xia K, Tang BS. Long-read sequencing identified
intronic repeat expansions in SAMD12 from Chinese pedigrees affected
with familial cortical myoclonic tremor with epilepsy. J Med Genet.
2019;5:265-70.

Florian RT, Kraft F, Leitdo E, Kaya S, Klebe S, Magnin E, van Rootselaar AF,
Buratti J, Kihnel T, Schréder C, Giesselmann S, Tschernoster N, Altmuel-
ler J, Lamiral A, Keren B, Nava C, Bouteiller D, Forlani S, Jornea L, Kubica

R, YeT, Plassard D, Jost B, MeyerV, Deleuze JF, Delpu Y, Avarello MDM,
Vijfhuizen LS, Rudolf G, Hirsch E, Kroes T, Reif PS, Rosenow F, Ganos C, Vid-
ailhet M, Thivard L, Mathieu A, Bourgeron T, Kurth |, Rafehi H, Steenpass

L, Horsthemke B; FAME consortium, LeGuern E, Klein KM, Labauge P, Ben-
nett MF, Bahlo M, Gecz J, Corbett MA, Tijssen MAJ, van den Maagdenberg
AMJM, Depienne C. Unstable TTTTA/TTTCA expansions in MARCH6 are
associated with Familial Adult Myoclonic Epilepsy type 3. Nat Commun.
2019;10:4919.

Zernov N, Skoblov M. Genotype-phenotype correlations in FSHD. BMC
Med Genomics. 2019;12(52):43.

Nguyen K, Puppo F, Roche S, Gaillard MC, Chaix C, Lagarde A, Pierret M,
Vovan C, Olschwang S, Salort-Campana E, Attarian S, Bartoli M, Bernard R,
Magdinier F, Levy N. Molecular combing reveals complex 4935 rearrange-
ments in facioscapulohumeral dystrophy. Hum Mutat. 2017,38:1432-41.
Herrick J, Bensimon A. Introduction to molecular combing: genomics,
DNA replication, and cancer. Methods Mol Biol. 2009;521:71-101.

Ittel A, Zattara H, Chaix C, Michel G, Levy N. Molecular combing: A new
tool in diagnosing leukemia. Cancer Biomark. 2016;17:405-9.

Gad S, Caux-Moncoutier V, Pages-Berhouet S, Gauthier-Villars M, Coupier
I, Pujol P, Frénay M, Gilbert B, Maugard C, Bignon YJ, Chevrier A, Rossi A,
Fricker JB, Nguyen TD, Demange L, Aurias A, Bensimon A, Stoppa-Lyonnet
D. Significant contribution of large BRCA1 gene rearrangements in 120
French breast and ovarian cancer families. Oncogene. 2002,21:6841-7.
Gad S, Bieche |, Barrois M, Casilli F, Pages-Berhouet S, Dehainault C, Gauth-
ier-Villars M, Bensimon A, Aurias A, Lidereau R, Bressac-de Paillerets B, Tosi
M, Mazoyer S, Stoppa-Lyonnet D. Characterisation of a 161 kb deletion
extending from the NBR1 to the BRCA1 genes in a French breast-ovarian
cancer family. Hum Mutat. 2003;21:654.

Cheeseman K, Rouleau E, Vannier A, Thomas A, Briaux A, Lefol C,
Walrafen P, Bensimon A, Lidereau R, Conseiller E, Ceppi M. A diagnostic
genetic test for the physical mapping of germline rearrangements in



Wang et al. Molecular Cytogenetics

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

(2022) 15:50

the susceptibility breast cancer genes BRCAT and BRCA2. Hum Mutat.
2012;33:998-1009.

Tessereau C, Buisson M, Monnet N, Imbert M, Barjhoux L, Schluth-Bolard
C, Sanlaville D, Conseiller E, Ceppi M, Sinilnikova OM, Mazoyer S. Direct
visualization of the highly polymorphic RNU2 locus in proximity to the
BRCA1 gene. PLoS ONE. 2013;8: €76054.

Gomez DE, Armando RG, Farina HG, Menna PL, Cerrudo CS, Ghiringhelli
PD, Alonso DF. Telomere structure and telomerase in health and disease
(review). Int J Oncol. 2012;41:1561-9.

Kahl VFS, Allen JAM, Nelson CB, Sobinoff AP, Lee M, Kilo T, Vasireddy RS,
Pickett HA. Telomere length measurement by molecular combing. Front
Cell Dev Biol. 2020;8:493.

McBride AA, Warburton A.The role of integration in oncogenic progres-
sion of HPV-associated cancers. PLoS Pathog. 2017;13: €1006211.
Redmond CJ, Fu H, Aladjem MI, McBride AA. Human Papillomavirus
Integration: Analysis by Molecular Combing and Fiber-FISH. Curr Protoc
Microbiol. 2018;51: e61.

Warburton A, Redmond CJ, Dooley KE, Fu H, Gillison ML, Akagi K, Symer
DE, Aladjem MI, McBride AA. HPV integration hijacks and multimerizes a
cellular enhancer to generate a viral-cellular super-enhancer that drives
high viral oncogene expression. PLoS Genet. 2018;14: €1007179.
Bouchilloux S, Fer F, Lemée F, Barradeau S, Dvorak V, Kubickova S, Ven-
truba P, Tachezy R, Trnkové M, Janda P, Abscheidt J, Annibal E, EI Mhali

D, Garcia F, Kech M, Pilger G, Bensimon A, Mahé F. Correlation between
integration of high-risk HPV genome into human DNA detected by
molecular combing and the severity of cervical lesions: first results of the
EXPL-HPV-002 study. Ceska Gynekol. 2019;84:84-92.

Hughes T, Hansson L, Akkouh |, Hajdarevic R, Bringsli JS, Torsvik A,
Inderhaug E, Steen VM, Djurovic S. Runaway multi-allelic copy number
variation at the a-defensin locus in African and Asian populations. Sci
Rep. 2020;10:9101.

Shwan NAA, Louzada S, Yang F, Armour JAL. Recurrent Rearrangements
of Human Amylase Genes Create Multiple Independent CNV Series. Hum
Mutat. 2017,38:532-9.

Heiskanen M, Kallioniemi O, Palotie A. Fiber-FISH: experiences and a
refined protocol. Genet Anal. 1996;12:179-84.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 7 of 7

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Molecular combing and its application in clinical settings
	Abstract 
	Background
	MCT–how it developed
	MCT—principle
	Advantages and restrictions of MCT
	Possible clinical applications of MCT
	MCT based clinical studies of gross chromosomal structures
	MCT based studies of familial adult myoclonic epilepsy 1 and 3
	MCT based diagnostics of facioscapulohumeral muscular dystrophy 1
	MCT based studies in cancer
	MCT based studies of telomere length
	MCT based diagnostics of viral integration
	MCT based studies of population specific polymorphisms
	MCT based research of DNA-replication

	Conclusions
	Acknowledgements
	References




